ABSTRACT. Despite the importance of assessing the viability of small and endangered populations, often few demographic data are available. However, when counts are available from discrete sites, a colony-or site-based approach can be useful. We used recent counts of Ivory Gull, Pagophila eburnea, a rare species that breeds at remote sites in the high Arctic, to model colony dynamics and population persistence. Colonization rates were low at 0.189 ± 0.054 (mean ± SE), new colonies were small (mean: 7.7 pairs), and there was no evidence of local rescue effects from nearby colonies. Based on these rates, a population projection model was constructed using a starting population of 225 pairs at the 24 sites. The projected population reached an equilibrium of approximately 30 pairs in only 8 yr. The large and isolated colony on Seymour Island has declined at 2.7%/yr (95% confidence limits: -13.9, 8.5) since 1974, and had low but wide-ranging probabilities of going extinct within 20 yr. The suggestion that Ellesmere Island may be the only site where breeding Ivory Gull will persist in the future is supported by the recent discovery of new colonies there in 2006.
INTRODUCTION
For small and endangered populations, an assessment of their ability to persist can be an important tool to guide management and recovery efforts . Various forms of population viability analysis or population modeling are commonly used to assess the risk of local extinction and diagnose causes of population decline (Caswell 2001, Beissinger and McCullough 2002) . A challenge for rare and endangered species is that detailed demographic data may not be available for any number of reasons such as logistics, expense, and the fact that disturbance involved with monitoring a species may impinge on its recovery (Morris and Doak 2002) . Also, there remain concerns with the use of population persistence models, especially when data are sparse Westphal 1998, Coulson et al. 2001) .
In general, avian species are relatively easy to monitor and population modeling has been conducted using rich demographic data sets (Lande 1988 , Wiese et al. 2004 , Calvert et al. 2006 , Koons et al. 2006 . Esler (2000) showed that when birds exhibit spatial structure and site fidelity, important insights into avian population dynamics can be determined using a spatially explicit approach. Avian colony dynamics have been recently explored and have led to insights into where bird colonies are formed and how they persist in time and space (Erwin et al. 1998 , Oro and Ruxton 2001 , Barbraud et al. 2003 , Chaulk et al. 2006 . How local colony size and recent colony trends influence the ability of colonies to persist and the importance of rescue effects from nearby occupied colonies have all been considered (Barbraud et al. 2003 , Martínez-Abraín et al. 2003 , Chaulk et al. 2006 ). Although colonyor site-level analyses preclude detailed inferences about the demographic processes that are hampering the recovery of a population, they can provide more insight into the dynamics of a population than can analyses based simply on overall trends.
The Ivory Gull, Pagophila eburnea, is an Arctic species that breeds in the north Atlantic and Arctic oceans above the Arctic Circle and winters in the Atlantic and Pacific oceans near ice edges (Haney and MacDonald 1995) . Breeding sites are generally discrete, either on nunataks (mountain peaks that project from glaciers), flat offshore islands, or windswept hills on gravel plateaus. In Canada, all breeding locations share the characteristics of isolation from mammalian predators and support only Ivory Gull, i.e., there are no mixed-species colonies (Haney and MacDonald 1995) .
Recent aerial surveys in Canada have shown a 70-80% decline in Ivory Gull numbers from the 1980s to the early 2000s (Gilchrist and Mallory 2005) , corroborating information received through local ecological knowledge (Mallory et al. 2003) . These observations supported a recommended change in the status of the species from special concern to endangered in 2006 (Committee on the Status of Endangered Wildlife in Canada 2006). Given its remote breeding locations, detailed demographic data on the species are severely limited. For North America, a single estimate of adult survival based on recovery data was available spanning 28 yr (Stenhouse et al. 2004) . Limited breeding success data were available for one site in the 1970s (MacDonald 1976, Haney and MacDonald 1995) . There are no data on post-fledging and juvenile survival for this species. However, colony surveys have continued at most known sites from 2002 to 2006, providing an opportunity to examine the colony dynamics of this rare and declining species.
Our purpose was to evaluate the current colony site dynamics of Ivory Gull breeding in Canada. Specifically our objectives were: to provide updated information for [2004] [2005] [2006] (earlier data are presented in Gilchrist and Mallory 2005) on the population status of Ivory Gull breeding in Canada; to assess colony extinction and colonization rates using data collected between 2002 and 2006; and to determine if extinction rates are related to colony size and whether rescue effects are possible. Finally, we evaluated whether these colonies can persist under the current conditions, including for the relatively large and isolated colony on Seymour Island using a separate and more traditional countbased assessment of the population trend and viability. Here, extinction rate is defined as the probability of an occupied site becoming unoccupied, and colonization rate is defined as the opposite. A number of mechanisms can lead to these transitions.
METHODS
Prior to 2001, 33 Ivory Gull colonies were known to exist in Arctic Canada (Thomas and MacDonald 1987, Haney and MacDonald 1995) (Fig. 1) .
Because of their remote locations, all surveys were conducted by helicopter between 0900 and 1700 EDT, and survey dates occurred between 29 June and 16 July each year, which fell during the incubation stage. The weather was sunny with little cloud on all flights. We surveyed mountain nunataks by flying 80-100 m from cliff faces at 40-60 km/h in a Bell 206 L4 helicopter. We flew from one nunatak to the next, assuming that no birds nested on the glacial ice between them. Gulls were easily spotted; at the approach of the helicopter, some gulls remained on their nests, white against the dark rock, whereas others flew away from the cliff and circled over the colony, bright against the blue sky. When birds were spotted, the helicopter slowed to a hover so that all three crew members could count the numbers of individual birds sitting on cliff ledges and flying.
In every region in which we conducted surveys, we flew over alternative areas of suitable habitat to determine if the Ivory Gull had moved to nest elsewhere. We examined more than 300 alternate cliffs or nunataks across years, in addition to the known or new colonies. This coverage represents a significant portion of the potential breeding range because cliff and nunatak colonies are restricted to select granulite-facies granitoids, which are limited to southeastern Ellesmere Island and Devon Island (Frisch 1984a,b,c) . In 2003, helicopter surveys were supplemented by fixed-wing transect surveys on the Brodeur Peninsula of Baffin Island (Gilchrist and Mallory 2005) . Information on unoccupied locations was required to determine whether any detected population changes at colonies were the result of colony redistribution or numerical declines in the number of nesting birds.
We confirmed breeding by the observation of fresh nesting material or eggs. Counts for each colony represented the total number of birds observed; we could not distinguish between active, failed, or nonbreeders. One member of a breeding pair is always present at the nest during the breeding cycle (Mallory et al. in press) , so active colonies will always have at least one bird present. For the purposes of our study, we assumed that one bird represented a breeding pair because the other member of the pair is generally away collecting nest material or foraging during incubation and chick rearing (Mallory et al. in press) . This approach will overestimate the number of breeding pairs if both members of the pair are at the nest during the survey. Ideally, repeated surveys are preferred to assess the detection rates of colonies (MacKenzie et al. 2002) and estimate the variability in the counts (Morris and Doak 2002) . The latter is done to remove sampling and observer variation from the true process or temporal variation. However, a variety of constraints, including the remote location of the breeding areas, appropriate weather for conducting surveys, the expense of helicopter time, and a desire to minimize disturbance at the colonies, made repeated surveys unfeasible for this species.
Data analysis
Twenty-four colonies had at least one active breeding pair on Ellesmere Island and Devon Island from 2002 to 2006. Extinction and colonization rates were calculated based on these 24 colonies. To calculate these rates, the frequency of the event, i. e., extinction or colonization, was divided by the number of times the event could have occurred, with binomial error calculated in the standard manner. In this way, individual colonies could contribute more than one sample to the data set, and the rates have different sample sizes depending on the overall occupancy rate; i.e., if few colonies were occupied, few extinctions, but many colonizations, were possible. This approach is similar to that used by Barbraud et al. (2003) using the program MARK; however, we did not use MARK because we assumed that all colonies were detected.
To assess what factors were related to colonization or extinction rates, we used a generalized linear model approach with colony state (i.e., occupied or unoccupied) as a binomial response and colony site as a subject (Martínez-Abraín et al. 2003) , using generalized estimating equations (GEE) available in PROC GENMOD in SAS version 9.1 (SAS Institute 2004). When a colony was occupied, the extinction probability in the subsequent year was modeled against the size of the colony (i.e., the number of birds counted at the site). For colonization rates, we examined whether colony isolation influenced the probability with which a colony was recolonized. This was indexed by the 
Population models
A colony-based model for southern Ellesmere Island and Devon Island was constructed using MATLAB software, using the values or functions presented in Table 1 . Initial starting values for the population were taken from the first breeding census, usually 2002, because more birds were present at the beginning than at the end of the recent census period, which provided optimistic starting values for the population. The starting population comprised 225 pairs. The model projected each colony through repeated time steps and evaluated whether it went extinct or persisted if previously occupied or was colonized if previously unoccupied by comparing the value provided for colonization rates or calculated for extinction rates based on the current population size (Table 1 ) with a randomly drawn number from a uniform distribution. The resulting colony sizes for colonies that persisted or were newly colonized were chosen randomly. In the case of colonies that persisted, a normal random deviate was drawn, multiplied by 0.132 (the SE of the function) and added to 0.755; the resulting value was multiplied by the colony size in the previous year. For colonies that were newly colonized, a set of skew-normal random deviates were chosen to reflect the right skew observed in the real data. These random deviates were extracted from http://t ango.stat.unipd.it/SN/index.html#se, based on work by Azzalini and Capitianio (1999) . Any random values that resulted in colony sizes less than one were ignored. We assessed model sensitivity to determine the importance of the various parameters used in the model, i.e., extinction and colonization rates and sizes of new colonies and those that persisted. This was done by adding 10% to each starting value used in the model while holding all other values at their starting values and comparing the effect on the resulting output with the baseline output.
For Seymour Island, the largest and most persistent colony in Canada, a longer time series starting in 1974 was available. This colony was extant in all 11 surveys except 2002, so 10 counts were available for analysis. The count of zero in 2002 was not used because it merely represented that the population was not available to be counted in that year. Population growth rate and process variance was calculated following Morris and Doak (2002) for density-independent count-based data (based on Lande and Orzack 1988 and Dennis et al. 1991) . Briefly, the mean (µ) and variance (σ²) of the log population growth rates were calculated by regressing the log population growth rates between subsequent counts at i and i + 1 (i.e., log[N i+1 /N i ]) divided by the square root of the interval between i and i + 1 (i.e., √[t t+i − t i ]) against √(t t+i − t i ). The term √(t t+i − t i ) was required to address counts that were conducted > 1 yr apart, which was the case in this data set. More sophisticated methods to assess process variance were not possible because of the gaps in the time series (e.g., Staples et al. 2004 ). Regression diagnostics were examined for possible outliers and evidence of serial autocorrelation. Again, following Morris and Doak (2002) , values of µ and σ² were used to calculate the cumulative distribution function of the probability of extinction or quasi-extinction. Confidence limits of the cumulative distribution function were based on 5000 bootstraps of randomly drawn values of µ and σ² based on their confidence limits. Given that Ivory Gull will nest solitarily, an extinction threshold of only one pair was considered, as well as a larger quasi-extinction threshold of 10 pairs. The median time to the extinction and quasiextinction thresholds and the probability of reaching these thresholds after 20 yr were extracted from the cumulative distribution functions, along with their associated 95% confidence limits. In the case of the median times, the 95% confidence limits represent the earliest time when 0.5 (the median) was included in the 95% confidence limits of the cumulative distribution function.
RESULTS

Surveys: 2004-2006
By We compared colony size for the 29 sites where gulls were counted at least once prior to 1991 and at least once during our surveys from 2002 to 2006. Using the maximum number of birds observed at each colony in each time period, colony sizes were significantly larger (68.3 ± 14.7 gulls, mean ± SE) prior to 1991 compared to during our surveys (8.5 ± 6.9 gulls; mean difference: 59.6 ± 11.6 gulls; 95% CL: 32.0, 87.2). At every one of these colonies, the highest number of birds ever observed occurred before 1991. The sum of the maximum colony sizes between 1974 and 1990 was 1981 gulls, whereas Given that we had only 1 yr of counts for these colonies, we did not include these colonies in our model for Ellesmere Island. Of these eight colonies, four had Xanthoria lichen and graminoids growing on the cliff below the gulls, which is a characteristic of established colonies (Gilchrist and Mallory 2005) , indicating that these colonies had gone undetected in earlier surveys (Thomas and MacDonald 1987) . The other four colonies appeared to be relatively new.
Colony dynamics
At colonies that were surveyed each year from 2002 to 2006, Ivory Gull nesting on southern Ellesmere Island and Devon Island showed aggregated distributions, as indicated by high coefficients of dispersion (CD: variance to mean ratio) in colony size (Fig. 2) . Although the time series is short, it also appeared that the birds became more aggregated over time, as indicated by higher CDs and lower numbers of sites occupied.
For the sites that had one breeding pair from 2003 to 2006 on Baffin Island, there were five opportunities for colonies to go extinct, and in four cases they did (0.80 ± 0.20, mean ± SE). Colonizations were possible in seven instances and occurred twice (0.29 ± 0.18). In both cases, only one pair occupied a previously unoccupied site.
For southern Ellesmere Island and Devon Island colonies, colony extinction was possible in 34 cases and occurred in 25 cases (0.735 ± 0.077, mean ± SE). Colonization events were rarer, with 10 (0.189 ± 0.054, mean ± SE) actual colonizations out of 53 possible colonizations. As expected, the probability of extinction decreased with increasing colony size (β = −0.088, 95% CL: −0.145, −0.031, n = 34; Fig.  3 ). There was no detectable relationship between the probability of colonization and the number of colony sites within 10 km (β = 0.019, 95% CL: −0.278, 0.316, n = 53).
For colonies that persisted, previous colony size was regressed on current colony size using a model with no intercept; the slope of this relationship was 0.755 ± 0.132 (mean ± SE; n = 9). Thus, on average, colonies were approximately three-quarters of the size that they were in the previous year. For colonies that were newly established, we calculated a mean size of 7.7 ± 12.3 gulls (mean ± SD; median: 3.5, range: 1-42), and there was a large right skew in the distribution.
Model projections
Given the analysis of extinction and colonization rates, we used a function that depended on colony size to model colony extinction rates while colonization rates were held constant across all colonies. We provide an example of 10 randomly chosen runs along with the average trajectory of 5000 runs (Fig. 4) . At first, the population declines steeply, reaching an equilibrium of about 30 pairs after 8 yr. Individual runs showed the same general pattern, with higher fluctuations once the equilibrium was reached after 8 yr. This equilibrium value is likely artificial because colonization rates would be expected to decline as the overall population size decreases, unless all colonizations were coming from outside the area, and the population eventually becomes extinct.
The model was relatively insensitive to increases of 10% in the input values. Increasing the colonization rate and size of newly formed colonies and decreasing the extinction rate resulted in minor changes; the time to reach the equilibrium was delayed by 1 yr (i.e., 9 yr) and the equilibrium number of birds was somewhat larger, i.e., by 32-34 pairs. The model was most sensitive to increases in the size of colonies that persisted; the equilibrium value remained the same, but the decline in total population size was slowed, reaching the equilibrium in 13 yr.
Seymour Island
From 1974 to 2006, µ (or logλ) was estimated at −0.0271 with 95% confidence limits that bound 0 (−0.1389, 0.0847). The process variance, σ², was Based on these values of µ and σ² and their confidence limits, the median time to extinction (one pair) for Seymour Island is 145 yr (95% CL: 31, ∞; there was no time at which the population had a 50% chance of extinction at its lower 95% confidence limit), and the median time to a quasiextinction threshold of 10 pairs is 66 yr (95% CL: 15, ∞). By 20 yr, the population had a probability of 0.0003 of reaching only one pair and a probability of 0.0728 of reaching 10 pairs, although there were extremely wide confidence limits on these estimates (0.0000, 0.2472 for a threshold of one pair; 0.0000, 0.6460 for 10 pairs). 
DISCUSSION
In the early 20th century, Ivory Gull colonies on the Brodeur Peninsula were so large that Inuit mistook them at a distance for snow (Bray 1943, Mallory unpubl. data) . During research in the 1970s, Seymour Island supported > 200 Ivory Gull nests in three of five years (S. D. MacDonald unpubl. data). This situation has changed. The numbers of Ivory Gull occupying Canadian colonies have declined by more than 70% since the 1970s, a pattern that is consistent in all breeding regions and across five years of comprehensive surveys. The colony survey results corroborate information from Inuit residents of the Arctic (Mallory et al. 2003) , residents of Newfoundland and Labrador (Ryan et al. 2006) , and surveys at sea (Chardine et al. 2004) . Although a long-term pattern of decline was evident, certain colonies were occupied by varying numbers of gulls in successive years. A colonybased analysis proved a useful tool with which to examine the dynamics of Ivory Gull breeding populations in Canada and showed that colony extinction rates were high and increased at lower colony sizes, whereas colonization rates were very low and did not appear to be influenced by the number of nearby colonies.
Several assumptions are required when using site occupancy and colony count data to determine trends over time. In the case of site occupancy, our methods assume that occupied sites are always identified; otherwise, the calculated colonization rate will be biased low. Similarly, with count data, all individuals in the population may not be counted. Apparent trends in numbers of birds may simply reflect a declining ability of observers to detect birds that are present or a change in the attendance patterns of bird at the colony, e.g., in recent years the second pair member was more likely to be absent from the colony or fewer failed or nonbreeding birds were present at the colony. Although such biases are likely present in the data, they are probably not large, as Ivory Gull individuals are counted relatively easily because of their conspicuous plumage and behaviour in the relatively barren habitat in which they breed (Gilchrist and Mallory 2005) . The assumption that environmental conditions will not change over the time period of the projection is likely not to hold, but without a longer time series available, it is difficult to predict how conditions might change and how Ivory Gull might respond to these conditions. Densitydependent effects are likely to be important if the population continues to decline and will likely accelerate any declines through the Allee effect (e. g., Gilchrist 1999).
The model was not overly sensitive to the values of the colonization and extinction rates, likely because these two rates were so different. In models in which these rates are similar, changes in the values have greater effects on the model results. The size of colonies that persisted was the most sensitive parameter and delayed the population decline more than similar changes in other parameters. Given that the size of colonies that persisted was estimated based on only nine colonies, this is likely the largest source of uncertainty in the model projections.
A relationship between colony size and extinction or abandonment probability has been observed in other avian studies and is not unexpected (Barbraud et al. 2003 , Chaulk et al. 2006 (Danchin et al. 1998) .
No relationship was found between colonization rate and a measure of colony isolation (i.e., the number of colonies within 10 km). There are a number of possible reasons for this lack of relationship, including a limited sample size and/or an insufficient time series to detect a relationship. However, the estimate was close to zero and the confidence limits were wide, so there was no indication of even a weak relationship. The most obvious biological reason for the lack of a relationship is that the dispersal of breeding Ivory Gull is not limited to small distances such as 10 km. This suggests that pockets of colonies do not appear to act as units with movements of birds among them; isolated breeding sites were just as likely to be used as aggregated sites. Therefore, at the scale used in our analysis, there was no evidence of rescue effects from nearby colonies (i.e., the immigration of individuals from nearby colonies; Brown and Kodric-Brown 1977) . Rescue effects in this species, if they are possible, may occur at larger spatial scales, e.g., from birds breeding further north on Ellesmere Island, western Greenland, or possibly Seymour Island. The suggestion that Ellesmere Island will be the last region to support breeding Ivory Gull is supported by the recent discovery of colonies there in 2006. These sites were not detected in previous surveys; therefore, it is not known whether some of these colonies have always been occupied or whether they constitute birds that have moved north from southern Ellesmere Island and Devon Island. If these sites have always been occupied, as suggested by the vegetation present for four of the colonies, then it simply means that the Canadian breeding population has been consistently underestimated, e. g., by up to 700 pairs in 2006. If this represents the movement of birds from southern breeding areas, it means that the apparent declines have been overestimated. However, the range contraction from southern and western breeding areas is still cause for concern because previously occupied and presumably suitable habitat is no longer being used.
A particular advantage of colony-based dynamics study is that it deals with the issue of nonbreeding and colony movement, at least within the study area, better than detailed projections based on vital rates calculated from a single study site. Extinction rates are effectively the product of nonbreeding rates and colony abandonment via dispersal, death, or both, whereas colonization rates result from the return of birds to previously abandoned colonies and new colony establishment via immigration, recruitment, or both. In studies at single sites, both nonbreeding and colony movement can lead to survival rates that are underestimated (Pradel et al. 1997 ) and thus population growth rates that are underestimated. Multisite studies, including assessments of movement or telemetry studies, avoid this problem, but can be expensive, time consuming, and not always practical for rare species. Specific to Ivory Gull, all of the nunatak sites are essentially inaccessible, making Seymour Island the only appropriate study site for detailed work in Canada.
CONCLUSION
Overall, the models show that the Ivory Gull population breeding in Canada is at risk of local extirpation across much of its breeding range if current conditions continue. Southern areas such as the Brodeur Peninsula may already be extirpated. This continues an apparent pattern reported by Haney and MacDonald (1995) , with the loss of Ivory Gull colonies previously extant in the western and northwestern Canadian Arctic archipelago. Clearly, diagnosing the cause of these declines is a priority. Human harvest (Stenhouse et al. 2004 ) and trace metal contamination (Braune et al. 2006) show promise as possible and avoidable causes of population decline. However, the shooting of Ivory Gull is no longer considered a major source of mortality in Canada or Greenland (it is unknown if they are shot in eastern Russia), and the reduction of trace metal contamination in the Arctic will be a long process requiring international collaboration. Several types of environmental change could be involved in the apparent declines (Gilchrist and Mallory 2005) , but once again, little can be done in the short term to ameliorate climate conditions in the Arctic. Assessments of population trends and avian health from other parts of the Ivory Gull's circumpolar range would help to ascertain whether the declines in Canada are a regional issue or whether the entire global Ivory Gull population is under stress and declining.
Efforts should be made to protect existing colonies because they may provide the final refuges for this species in Canada, as well as a source of potential emigrants to colonize abandoned sites. Ivory Gull, like terns, will change breeding sites (but the distances moved tend to be limited; Bateson and Plowright 1959, Volkov and de Korte 1996) , so the species appears to have the potential to colonize new sites when population numbers are sufficient. Recent genetic analyses indicate that there is little genetic structure among breeding populations of Ivory Gull in Canada, Greenland, and Norway (Royston 2007) , again suggesting that dispersal and colonization is a normal part of the life history of this species. Estimates of natal and dispersal rates would be valuable for future population modelling and could lead to a better understanding of the overall risks to the Canadian population, although these estimates may have to come from other regions where larger and accessible colonies are located. It is also not known whether breeding and recruiting birds will move from flat island breeding or natal sites to cliff nesting habitat and vice versa; if they do not, there will less opportunity for population rescue. In spite of the slow decline in the last 30 yr observed on Seymour Island, which is the largest colony in Canada, projections suggest that there is sufficient time to intervene at this colony if useful and practical management actions to boost the population growth rates can be implemented. Further monitoring at this site is clearly warranted to determine if this population is truly in long-term decline. 
